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Radiotekhnika i Elektronilke by N. L. Kaydanovskiy
Tom 10, No. 9, 1574 — 1582, & N, A, Smirnova
Izgdatel'stvo "N UKA"™, 1965.

SUMMARY

The influence of the conditions of radiowave propagation in the
in the Earth's atmosphere and in the cosmic space on the threshold reso-
lution of antennas and of interferometers is reviewed in this paper.

It is shown that when certain conditions, imposed on the frequency band
and the time constant, are observed, the antenna dimensions may be prac-
tically unlimited in the centimeter and short decimeter waves, while the
length of interferometers' base is not confined,only for waves shorter
than 15 cn.,

| ]
* *

In order to estimate the dimensions of very remote radiogalaxies,
radiotelescopes with great threshold resolution are required to make pos-
sible the investigations of brightness distribution of small radio emis-
sion sources and the ascertaining of the "pointness" of the objects suspect-
ed to be artificial. Assuming that the increase in radiotelescope dimen-
sions should not, in the nearest future, cause any technical difficulties,
we shall estimate their threshold resolution, limited only by the condi-
tions of radiowave propagation in nonuniform media, such as the Earth's

atmosphere and the cosmic gas.

® OGRANICHENIYE RAZRESHAYUSHCHEY SILY RADIOTELESKOPOV I RADIOINTERFEROME-
TROV ZA SCHET USLOVIY RASPROSTRANENIYA RADIOVOLN V KOSMICHESKOY SREDE I
V ATHOSFERE ZIiMLI.
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The nonuniformity n of the index of refraction of a medium
with mobile condensations distributed at random leads to the perturbation
of the wave's phase front, and by way of consequence, to scattering
(see Fig.1).

The mean sgquare of phase deflections from the unperturbed omne
for a ray having crossed the inhomogenous medium is [1]

?"—: 22 Kn—" 1)

and the angle of scattering in the geometric optics' approximation is

Va—amy/ S &z, @
r

where V TT;’ is the root-mean square deflection of the index of refraction;
r is the correlation radius (mean dimension of nonuniformities or irregu-
larities); S is the path of the ray in the medium; A is the wavelength.

If ¢?<<1, a halo form around
the source on account of scattering;
this halo does not hinder the deter-
mination of source's dimensions, but
it weakens the flux in the principal
direction, so that [2]

P=(1—g)P, at ¢<I.

At strong scattering, when ¢ =1,
Fige. 1. - Distortion of wave's
phase front. The scattering arncle
is smaller than the angular dimen- fictitious magnification of source's

sion of the irregulority. dimensions, determined by the expres~
sion (2), may be observed. Both phe-

random refractional er:ors and =

1l— wave's plane front:; 2 — nonuni-
form layer; 3 — distorted wave
front ; 4 — antennas. nomena may limit the threshold reso-

lution of the radiotelescopes. In
order to estimate these effects, the parameters of the i:regtilarities are
essential, namely An®, r, S, whose oriented values for various media are
compiled in the Table 1 [next page] (refer to [3 - 19]).



TABLE 1
MEDIUM ' S, em 1, cm  VEF ANNOTATIONS
— ? — e .
5
S§=| Syp+ =——— S"p)wscch
at zenith 1.5'106 6-10° 0.5‘10'6 ( P awy
‘ : S;p=5-10tcu- is the
; thickness ot the tropo-
T soh i sphere at gzenith. L
r‘EP° 413 ere — - Sap=10 cx 15 the thick~
3 ; ness of near-Larth' layer
. pear the ﬁ i Arigp =10 Ani, =0,5- 104,
' horizon ' 9 -10® [6.103 0.5+10~ & V arup =10} urn |
(h= 10°9) : { whence 5=1.5-10coscch
; The absence of cloudiness*
______ N A4 _| is assumed,
| quiet 4-10° |2-10% k.5 '{,0-12 VaNT =10~ N =10 cars
Ionosphere 6 A
[5-201  jperturbed 14 107 | 20° |4,5-20720 VER =¥ttt cnm
_ A
in the 24 9 .
ecliptic 10 10° | 4,5-10"12 VEN =N =100 css se
-  ”
Interpia- ?lane A
t _ | in the dir. 1 —_— ' .
o367 | of the ecl.0.5-10%% 109 |o0.9°10-12 VW an=m e
pole Av
) in the ga- . 1022 |z.1018 JpR T o
lactic pl. 6-107 |3°1 he5 }3
Interstel-
- in the dir. 20 |,..,418 v10-14 o )
lar {1/-19] of Galaxy 6 10 3 10 | ’4‘ 5 :-9 VAN =N =1 cu-
pole !

. A ETTT 55 3 i
Metagalactic [17, 19] 1028 10 ‘*-5’1-'9 ? VEN =N =10~ cu—?
Denotations and Remarks
S is the path of the ray in the medium; » is the correlation radius;

N is the concentration of electroms; X\ is the wavelength; V7= is the

root-mean-gquare deflection of the index of refraction,
* At observation in the direction to the Sunj;
** assuming that the dimension of irregularities varies little at drifting
away from the Sun.

The widening of the angular dimensions of the point source to the
value Vgt will be observed in the faraway zone of scattering regions (at

a distance R~ S>r2/A).

— As follows from the data of the Table 1 above,




and from the expression (1), in all cases when ¢’=>1, this condition is
not satisfied on Earth. The terrestrial observer is situated in the nearby
zone of scattering irrerularities, and in this case the correlations between
the scattering angle V&, the angular diameter of scattering regions Vat
and the relative dimension of the antenna of the system d /r are essential
for the limitation of the threshold resolving power.

At fulfillment of the correlation

Vaé >Va (3)
the rays, having passed the regions of the nedium at distances exceeding
the correlation radius, and correspondingly different in their direction
(Fig. 2 a), will hit the system (of any dimension). The beam of rays will
go separate ways, and the source will be found widened by a magnitude of

the order V. In this case the resolution of the antenna system will be
limited by the value of this widening. If

Vi<V, ‘ @

the effect may become different for continuous antennas and for interfero-
meters; at the same time a substantial dependence of ahtenna system’s di-
rmensions must be observed.

Waves, having crossed the regions of the medium at distances ex-
ceeding the correla®ion radius and having in connection with this uncorre-
lated phase shifts (Fig. 2 §), will hit either a continuous or multielement
antenna system with dimensions d > r.

The phase fiuctuations will cause the loss of the effective surface
of the antenna an¢ the widening of its radiation pattern. Requiring that
the loss of antenna aﬁplification in the principal direction do not exceed
20 percent, we shall find, according to [20], that at ¢ >1 the dimen~
sions of the antenna must not exceed the value

d = mr, where 05<m<?2 (5)
depending upon the value of F* an: consequently the antenna's resolving
pover will be 0= A/ mr.
Wher the conditions (4) are satisfied,the antenna with relative
dimension d/r<"1 will be hit by rays having crossed the region of the

medium with dimension less than r (Fig. l) and having received in connection
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with that identical deflections, In case of fixed irregularities, the
source's passing through antenna pattern will not widen its lobe. Only

an uncertainty of the order Verwill appear in the source's coordinate.
The motion of irregularities will
induce the oscillation of the angle
of radiation arrival, which may limit
the antemna's resolving power. If

during the time T of source's pas~
sing through antenna radiation pattern
(in the regime of passage or of a
slowed-down slipping) the shift of
radiation?s incidence angle and the

Fifre. 2. - Widening of source's corresponding widening of the curve
angular dimensions : of passage will reach the value of

a—angle of scattering - . :

greater than the angular dimen- lobe widening A0<LO=A/d and it
sion of the irregularity, i may be then neglected. (At the same
antenna dimensicn d &K r. -

antenna dimension greater than time the uncertainty in source's di-
that of the irregularity d>r.
The antenna receives radiation
from all directions within the _
limits of the scattering angle ® < ABsource & Afld where [ = 2— 3,

depending upon the distribution of

mensions lies within the range

brightness by the source and the shape of antenna's radiation pattern [24, 25])
The shift of the angle of arrival during the time T is, by order of magni-
tude, equal to

Ae~[V§m at T<t, (6a)
T Ve at Tt (66)

Here t = r /v is the characteristic time of irregularity passage, V is
the motion velocity of the irregularity. Let us rewrite the requirement
"A0<€®  taking into account (6a), in the form

_ Var<<ad
and consequently
t

Ve

red
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Teking into sccourt the relationship between ¢* and &2 stemting from (1)

and (2), we have :

]/:6:"’— = A ]/-(-p_j/ nr,

and hence we obtain the limitation for the registration time :

T t r
< Vad- (7)
Takine into account that the time constant T of the output device must

be by several factors shorter then T, we shall obvtzin

t r
7 (8)
In the transitional regime T =2/dQcos8, where Q ir the angular velo-
city of Earth'e rotation and § is the source's declination, the condition

for vhich incident ancle oscilistions can be neglected, will become
V@&t << Qcosd=7-10%cos & sec™t (9)

All the preceding diecuscions referred to one of the frecuencies of the
admitted band. However, as a result of dispersion (P/;i=¢ﬁﬁ from (2)

and Table 1), tsking place for all media except the troposphere, the in-
cident angles of the radiation in different wavelengths within the bands
of admitted frequencies will be different. This may lead to a fictitious

incresse of source's dimensions by a value
—_— 2 —
= ac Av = Av
A,/c’= A= =20 — = AVoz— .
V2 v v

where Av/v ig the relgtive frecuency band., This effect may again be neg-
lected provided AV i< O=1i/d, vhence stems the recuirement that the

width of the freguency bend te

v

2]/0

v r

Vg ¢ (10)

A 11
Av < ¥3

f

(3]
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Therefore, the dispersion and the oscillations oi the incidence
angle limiting the freocuency bsnd andéd the time constent to the values (10)
and (8), determine the radiotelescove's threshold response

Vg
Vvt r’

Ta o ___-’tTm

VAT

>TuV2

where Tw is the integral noise teuperature of the radiotelescope, taking
into account the scattering in the antenna and the absorption at propaga-
tion., The wave's phase variation, linked with the motion of medium's irre-
gularities, muet induce the widening of sirnal's spectrum by
Vae = Vg j2m,
which may result essentiel during snalwsis of the radiation received from
a monocrromatic source, for the estimate of processes, taking place in it
end the invertigation of the peculiarities of the medium in which the radi-
ation propagestes. Thus, at fulfillment of correlations (8) and (10), 2nd
elro of tice condition (4), continuous or multielement antennas mayhave a
dimenrion.close to r, but must not be subctantially greater, (see (5) ).
However, es —ill be shovn below. & two-antenna interferometer with antennes
hevinz a dimension d<Cr, cen have a base D significantly exceeding r.
The measurement of -“riz:tness distribution

T(8)=(1/2) § T(s)exp(2jSt)ds

of the radiocemission source with the help of two-antenna interferometers
i=s based upon the determination of the spectrum of spatial freguencies or
of complex visibility function [21]

Pyanc(s)— Pmm(s) i 0o(s)
PM;“;C (S) -+ Pann (8) elp( 23‘] ) »

a(s)
where P,...(s) and Py, (s) are the maxiumum and minimum values of signal power

T(s)=

at interferometer output with a base D =sj; 6,(s) im the angular scattering
between two maxima of the envelope and of the gzero lobe; ©(s) is the
width of the lobe. The phare fluctuations make 8, (8) a random guantity,

oscillating near the true value which csn be determined only as a result




of numerous measurements. For the determination of the dimensions of
sources at given models of brightnese distribution sbout the source, it

ie sufficient to messure the module of the visibility funetion [22, 23]

V= (Pn'mﬂc - Pmm) / (Pmu:c + Pmm)y

vhich reocuires eit er t*e resistrstion of the lobe transition curve, or
reverete measurement of the verizble and constant signal components, respect-
ively proportional to (Puaxc— Pum) amé(P“mc4;PMmJ.since the interferometer
ir dericned for the registration of racdiation fluxes of quite low power,

in order to ottain the recuired sensitivity one muet ensure an accumula-
tion during a sufficient time. To that effect it is possible to sBlow down
the source's pascage velocity through the pattern, introducing such an
accompaniment by its lobe radiation pattern, so as the lobes pases during

a sufficiently longer time, or apply a regonance filter to varizvle compo-
nent frequency with a sufficiently narrow frequency band oy =1/1. The
fluctuations of phase difference on interferometer antennas lead at the
first method of registration to the disruption of t»e regularity of the
lobe transition curve, while st the second meihold it recults in the change

of the frecuency of lobes' —as-z2re Ty A= PIZ@Qltf

In order to obtain tie values oi the vieibility function's module
vith admissible distortions, the delay of lobee' registration at the
firet re~istratiorn must not *¢ =0 ~reet or to have the fluctuational inecur~
sion of phare difference G/EEJHT vecome, during the period T of
lore repietretion, — greater than 1 radisn, while when applving the
eeconé method, the freguency band of the reconance contour at interfero-

meter output nmust be
Aow=1/1> Ao =V /e

Therefore, no matter what the method of registration, we have 1<:t/Vﬁ;f,

¢ This circurctance allows, so long as we do not set un the problem of
measurenent of visibility function's rhase, tc lcver the requirements of
heterodyne stability on interfercircicr z2-ten-zs to ihe velue

D V¢

- o+ DP<n

Lo _
(]

Y D>r.




Taking into account that the phase difference of rays,hitting the inter-

feremeter antennas anc divided bv the distence D, is

Dyez at D<r,
Vig-{r ° (11)
]/("’?z at D>r,

ve ott~in t e limitrtion {or t ¢ time constent oi the outwut device

r 4
-E]/;{:); atD<r1
<) (12)

]/(;2 at D>r.

The total registrstion time T =N4 , on which the interferometer sensitivity
ty is dependent is also determined by the with of the envelope of the lobe
structure and the velocity of its displacement relative to the source.

\hen the envelope is fixed, it will be of the order of the time of source's
pascage through the multilobe radiation vattern of %:e irterferometer,
bounded by the envelope, that is T = (./D)(v/Av)(1/Q); hexce AvT = (A/D) (v/Q) =
=c¢/DQ,(Q bteinp the an;ulsr velccity of Earil's rotztion). In the regime

of source's accompsniment by the envelope, T mey be sufficiently great.

The frecuency band Ay is determined bv the requirement that the
differential phase difference on interferometer entennas at frequency band |

edres, conditioned by disversion, te l

=
———d] A¢ Av

/A —
aV Ay T dv

= 1/2—'—{/2 9\‘}' < 1, |

vhence, taking into account (11), we obtain

Av r 1
YSDbyz =DP<n
! 13)
Av 1
YSVe P

Thus, when observing the conditionz (12) and (13), t:e base D of the

two-antenna interferometer may be sipgnificantly greater than the correlation |
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radius of the scatterin~ regions x on the condition that the dimension
of interferometer antennas bte Jd<Lr.

For the estimate of the taresiold resolution of zntenna syetems
ve heve recourse to Teble 2, in which the velues of 6500,7ﬁ565}7/iiﬁ
are compiled alongside with the wavelength rzngee ir viich E;:>1 s Vﬁ$<<j/:i
It mzr be seen from Table 2 thet the rreesteet vhase disturbances are un-
derrone oy the wave at crossing the cosmic medium. The trovosphere may
provide a strongz scatterinr~ (2> 1) only in microwaves®*, while the dis-
turbed ionosphere - in wavelenpgths > 40 cm. Therefore, the dimension of
continuous antennas in these ranges is linited, according to (5) by a
masnitude comparable with the dimension of irregularities of the corres~
ponding media. The condition )

VaE>Va

at which widening of the source by a cuantity of the order V:i- take= place,
and tle limitation of antenna systems' resolution by this quantity linked
with it, is fulfilled in the interplanetary medium in wavelengths A >
at ohservation in the ecliptic plane (toward the side of the Sun) and in
vavelensths >10m in tlre direction of the eclitpic pole, and also in
the interstellar medium (in the Galaxy plane) in decameter wavelengths.
However, the angle of scattering, conditioned by the influence of the in-
terstellar gas, is small by comparison with that provided by the inter-
etellar medium, and it msy be nezlected. The partial widening 0<:Aam,<jV§§
of the source on =ccount of scatterineg in the interplanetary medium may
be observed irn the 15— 20 cm band at oteervation in the ecliptic plane
and, correcpondingly, in the 3 - 10 m wavelengths in the direction of the
ecliptic pole. For all remaining media (where ¢*=1) and for the inter-
Planetary gas at waves < 15cm(in the ecliptic plane) and <& 3m(in the
direction of the ecliptic pole) V<V a and the widening of the point

* The influence of clouds and hydrometeors is not considered here, for the
unique investigations of extreme small radioemission sources may be carried
out at favorable weather conditions, The near-Earth layer is only taken into
account in the inclined ray and the phase fluctuations on the horizontal
trace of that layer are not considered, for it is estimated possible to cons-
truct a rasdiotelescope in which high-frequency channels, passing in the
turtulent near-“erth laver, are absent, or an automatic correction is intro-
duced, sccounting phase fluctustione 2t vrovageting on the horizontsl trace.



source will not be surstantizl if t-e conditions

satisfied for continuous antennar ardé (17), {172)

(3), (L0) and

d

11.

<r zre

for the interferonmcters.

poc 5 _ Wave band where
MEDIUM 92rad® | V&, rac | Va, rad | b, 80c] ey | VoV @
' 1 T - ; E ™ 3
at zenith O—:Sff £.1-1072 | 1072 . 3.5 IA¢O.kenm | entire
Tropo- | . ___ ... A | R o  band
sphere | near the 0.95 em< _ .
horizon T 5.1:2072 | 10-3 3-5| A<lcm egzige
Iono- . ‘ = 6 N lo-l-" -9 % — .
ephere | Gisturbed 565 7.5 1077)¥2.5- 10 50 | A>42cm [A<5.7-10°
4 P ———d
in the ec~ |1 ,4.31¢2.| 1 .40-9 )*. 5 .
livt.plane A L-1079 A" 107 50 entire | A<16cm
band
Inter- | 0ol ]
plane- | in the di- 2 10-10 -, L c 102
tary rection of 0.28 X« |1.7 ]).\S .2 10 £0 A> 2cmA<3,5.10%cm
the eclip-
tic pole i
i s e e s o o sty = o] o e cmes e S SN e e e e e e s = A bt et
in the , i .
ralactic |2.5-100% 1.7.1071 5107 | 1012 °§§;§ge 1< 5.5 -10%n
Inter~ | plane A* b ' !
stellPr —- t.h; d.. R . . 1 2 ¢ . ~ . e O,
e o l7.s-10th 1710712 5107 | 1012 | entire | entire
o 1 * 3
Gelevy vmole A ! A | band band
- : T e SR e _
Metagalactic |1.k-10t5 1.2.10712 1076 1014 | entire | entire
1> | AY - band band
B2 — mesn scuare of phase incursior- Vot 1is tre scattering en-le; Ve ie tre
angulsr dimension of the irresularity; t is the time of its dicwlacenent.
* For an undisturbed ionosphere 9% = 1,5.109 A2 and the scattering is im-
nmaterial within the radiocastronomy band.

On the basis of the above-presented calculations we constructed a

graph (see Fig, 3), showing what threshold resolution (in seconds of arc) can

be attained with the help of continuous antenna and interferomeneters in

various

wavelengths,
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It follows from the graph of Fig. 3 that:

l. - In the microwave band, where the restriction is laid on by
the troposphere, the threshold resolution of antennas has an order of a
few seconds of arc and, depending upon the angle of the spot, is included
between the values determined by the curves af and a' g°, plotted for

the observation respectively at zenith and near horizon (at h = 10°).

2.- The centimeter and short decimeter wave band, for which only
scattering in the internlanetary gas is material, is optimum for conti-
nuous (compact) antennas. rere the resolution may attain values of 10"2 -
103 sec of arc at cbservation in the ecliptic plane (segment 87 of the

curve) and still greater values in other

directions, 8., n £ K
3+ = Over the longwave portion of w2l 7 4

the decimeter band and in meter waves the 0

threshold resolution of antennas is worse ‘ !

than 10 sec of arc. The portiomn de is //g;

determined by scattering in the disturbed /”.-.‘7 . 3 l,

ionosvhere., At observation in the eclip~- 4 by /’0;” ;”1 /ﬂ'” 1

tic plane the resclving power is linited

by the portion of the curve e'sm (and not Fig. 3. - Threshold resolution

e'e as at observation near the ecliptic of antenna systems:

solid curves — for compact

(or multielement)antennas ;
source's dimensions on account of scatter- dashes ~ for interferometers

at observation in the eclitpic
plane ; dash-dotted ~ for inter-
ferometers at observation in
the direction of ecliptic pole.

pole), which characterizes the widening of

ing in the interplanetary mediunm.

4, -~ The resolution of a two-
antenna interferometer is not limited in
wavelengths A <15cm at observation in the ecliptic plame and A < 3 m
in the direction of the ecliptic pole.

5. = The resolution of the interferometer in waves A > 50cm at
observation in the ecliptic plane and in waves A >10wm in the direction
of the ecliptic pole is restricted by the value of the corresponding wide-
ning of the point source Vg conditioned by the interplanetary gas (3 x4x)
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6.~ In the intermediate region 15cm < X < 50cm (in the eclitric
plane) and 3m < ) < 10w (in the eclitpic pole), the r-solvinrs power is
limited by the quantity A6 1lying within the linmits 0< A<V 2 (seg-
ments U3 and Au).

The estimates brought out in Fig, 3, bear a rough, approximate cha-
racter, since experimental data on the irregularity of the cosmic medium
and of the disturbed ionosphere are still scarce. The parameters, characteri.-
zing the irregularities of the troposphere, have climatic peculiarities and
a seasonal course, As a result, the resolutions obtained here for the radio-
telescopes of the microwave band may vary. The construction of radiotelesco-
pes of extremely high resolution could serve, alongside with the main problem‘
of investigation, for making more precise the parameters of the troposphere,
ionosphere and interplanetary medium alseo.

The authors are grateful to S. E. Khaykin for his valuable remarks.
#$88¢ THE END #es
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GSFC
100 CLARK, TOWNSEND
110 STROUD
400 BOURDEAU
600 PIEPER
610 MEREDITH
SEDDOR
611 MeDONALD
ABRAHAM
BOLDT
VKB
GUSS
FICHTEL
KN IFFEN
612 HEPPNER
NESS
613 KUPPERIAN [3]
614 WHITE
HALLAM
BEHRING
615 BAUER
JACKSON
AJKIN
GOLDBERG
STONE
640 HESS [3]
MEAD
MAEDA
HARRIS
JONES
643 SQUIRES
630 GI for SS [5)
620 SPENCER
NEWTON
252 LIBRARY
256 FREAS

DISTRIBUTION

NASA HQS

SS  NEWELL, NAUGLE

SG  MITCHELL
SCHARDT
SCHMERLING
DUBIN

SL  LIDDEL
FELLOWS
HIPSHER
HOROWITZ

SM  FOSTER
ATLENBY
GILL
BADGLEY

RR  KURZWEG

ST  JAFFE

RE  SULLIVAN

RET WAiLKER

RTR  NEILL

ATSS SCHWIND  [2]
ROBBINS

WX  SWEET

15.

OTHER CENTERS

ARC
SONETT  [5)
L1B [31
IARC

160 ADAMSON
213 KATZOFF
231 O'SULLIVAN
235 SEATON
185 WEATHERWAX
UCLA

COLEMAN

MIT

BARRETT

UNIV.MICH.

ARNOLD
UNIV,BERKELEY

WILCOX

23




